Introduction
The insulin-like growth factor I receptor (IGF-IR), activated by its ligands, sends an unambiguous mitogenic signal in most cell types (Scher et al., 1979) . In some cell types, however, IGF-I (or IGF-II) can stimulate either proliferation or dierentiation, or both. Thus, myoblasts, osteoblasts, adipocytes, oligodendrocytes, neurons and hemopoietic cells can be induced to dierentiate by IGF-I or IGF-II (Petley et al., 1999; Baserga and Morrione, 1999) . In murine hemopoietic cells, the IGF-IR can induce dierentiation or transformation of cells, depending on the availability of its major substrates. When IRS-1 predominates, the IGF-IR sends a transforming signal, whereas, in the absence of IRS-1, Shc proteins promote cell dierentiation . It seems, however, that the signaling pathway for IGF-Imediated dierentiation may vary from cell type to cell type. Petley et al. (1999) list cell types in which the dierentiation program induced by IGF-I requires the activation of PI3K, and other cell types, in which dierentiation is induced by inhibition of PI3K. In the latter case, the MAPK pathway becomes the determining one (Petley et al., 1999) . In turn, MAPK signaling may induce either mitogenesis or dierentiation, depending on the length of activation and nuclear translocation (Marshall, 1995) .
A role of the IGF-IR in dierentiation of neuronal cells has been known for several years (LeRoith et al., 1993a, b) , and has been con®rmed in several cell types (Recio-Pinto et al., 1984 , Mill et al., 1985 , Kim et al., 1997 . We have recently identi®ed the domains of the IGF-IR necessary for the dierentiation signal in neuronal cells, using H19-7 cells . H19-7 cells are rat hippocampal cells that are temperature-sensitive for dierentiation (Eves et al., 1992) . H19-7 cells proliferate at the permissive temperature of 348C in response to EGF or serum, but dierentiate to a neuronal phenotype in N2 medium supplemented with bFGF at the nonpermissive temperature of 398C (Eves et al., 1992 (Eves et al., , 1994 . H19-7 cells express low levels of IGF-IR , enough to promote IGF-Iinduced DNA synthesis, but not to produce an increase in cell number or dierentiation . Dierentiated H19-7 cells no longer respond to serum, extend neurites and express neuronal markers, such as neuro®lament proteins and brain type II sodium channels, and display action potentials (Eves et al., 1996) . In a previous communication, we reported our studies on H19-7 cells transduced with retroviral vectors expressing a wild type or several mutants of the human IGF-IR. We showed that tyrosine 950, in the juxtamembrane region, and serines 1280 ± 1283, in the C-terminus of the IGF-IR, are an absolute requirement for IGF-I-induced dierentiation of H19-7 cell . The combined mutation of both domains abolishes the capacity of the IGF-IR to promote a sustained activation of MAPK, and results in the loss of the dierentiation signal .
Dierentiated cells or cells prone to dierentiate have a low or undetectable level of IRS-1, this is the case of 32D hemopoietic cells and SH-SY5Y neuroblastoma cells (Kim et al., 1998a) . As mentioned above, we have previously shown that expression of IRS-1 in 32D IGF-IR cells has a strong negative eect on IGF-I-induced dierentiation of these cells . To investigate the role of IRS-1 in the dierentiation of H19-7/IGF-IR neuronal cells we asked whether IGF-I-mediated dierentiation of H19-7/IGF-IR cells was accompanied by down-regulation of IRS-1 levels, as suggested by other investigators in other model systems (Sarbassov and Peterson, 1998) . In addition, we wanted to know whether over-expression of IRS-1 could inhibit dierentiation of H19-7 cells. This possibility is not necessarily obvious, since H19-7 cells express IRS-1 (albeit in low amounts), whereas 32D cells do not express IRS-1 at all (Wang et al., 1993; Valentinis et al., 1999) . Our results show that IRS-1 plays a major negative role in dierentiation. At the same time, we con®rm the importance of MAPK activation in the dierentiation of H19-7/ IGF-IR cells.
Results
Endogenous IRS-1 is down-regulated in differentiating H19-7/IGF-IR cells H19-7/IGF-IR cells dierentiate at 398C in N2 serum-free medium supplemented with IGF-I. The cells extend neurites, and show increased expression of neuronal markers, such as small neuro®lament proteins . Dierent cell types that have a dierentiation program induced by IGF-I often express reduced or undetectable levels of IRS-1. This is the case, for instance, of 32D hemopoietic cells, where IGF-I promotes dierentiation along the granulocytic pathway , and SH-SY5Y neuroblastoma cells, where IGF-I promotes neurites formation (Kim et al., 1998a) . H19-7/IGF-IR cells express IRS-1, although to a very low level compared with dierent ®broblast cell lines (data not shown). It is possible therefore that upon dierentiation IGF-I could induce down-regulation of the endogenous IRS-1, as already reported in myogenic dierentiation (Sarbassov and Peterson, 1998) , where serine-phosphorylation of IRS-1 is associated with its downregulation. To test this hypothesis, parental H19-7/ IGF-IR cells were stimulated with IGF-I at 398C, and the level of IRS-1 protein was determined at dierent time points after stimulation. We detected (Figure 1a) a decrease in the level of endogenous IRS-1 at 2 h after IGF-I stimulation (lane 4). At 24 h the endogenous IRS-1 is almost undetectable (lane 5). The same amount of protein was loaded on the gel, as determined by reprobing the ®lter with anti Grb2 protein antibodies (Figure 1b) . We tested also serine-phosphorylation of IRS-1 reprobing the ®lter with a speci®c antibody for serine 616, which is reported to be important for IRS-1 signaling (Mothe and van Obberghen, 1996) . IRS-1 is also phosphorylated on tyrosine, as we have previously shown .
Establishment of H19-7/IGF-IR/IRS-1 cells
Given that endogenous IRS-1 is down-regulated in dierentiating H19-7/IGF-IR cells (Figure 1 ) we wanted to investigate if over-expression of IRS-1 could inhibit the dierentiation program induced by IGF-I in H19-7/IGF-IR cells. We transfected H19-7/IGF-IR cells with an expression vector for the mouse IRS-1 protein and, after selection in medium containing hygromycin, clones were isolated and tested by Western blot for the expression of IRS-1 protein. An over-expressed IRS-1 inhibits IGF-I-induced differentiation of H19-7/IGF-IR cells H19-7/IGF-IR/IRS-1 clones were tested for dierentiation at 398C in N2 serum-free medium supplemented with IGF-I (see Materials and methods). The extent of dierentiation was determined by scoring the number of cells that extend neurites Figure 2a , con®rms that H19-7/IGF-IR cells dierentiate in the presence of IGF-I, as described previously . While H19-7/IGF-IR/V cells (vector transfected) dierentiate to an extent similar to parental cells, H19-7/IGF-IR/IRS-1 clones show a signi®cant inhibition of IGF-I-induced dierentiation (Figure 2a) . In all three independent experiments, dierentiation in H19-7/IGF-IR/IRS-I clones was never higher than 30% of the cells counted. The function of IRS-1 depends largely on the integrity of its Pleckstrin (PH) and Phosphotyrosine-binding (PTB) domains (Yenush et al., 1996 (Yenush et al., , 1998 . We generated a deletion mutant of IRS-1 (see Materials and methods) lacking the PTB domain (IRS-1dPTB). H19-7/IGF-IR cell were transfected with an expression vector expressing the IRS-1dPTB mutant, and clones were selected in medium containing hygromycin. The levels of the IRS-1 mutant proteins were detected in selected clones by Western blot, using antibodies against the C-terminus of IRS-1. 
Akt is superactivated in H19-7/IGF-IR/IRS-1 clones
The major pathway activated by IRS-1 is the PI3K pathway, leading to the activation of Akt (Kennedy et al., 1997) , and it has been previously shown that overexpression of IRS-1 strongly increases the activation of Akt (Myers et al., 1994; Valentinis et al., 1999 ). We analysed therefore the level of Akt activation induced by IGF-I in H19-7/IGF-IR and H19-7/IGF-IR/IRS-1 cells at 398C. As shown in Figure 3a , b, H19-7/IGF-IR/IRS-1 clones show a stronger and more prolonged activation of Akt, compared to H19-7/IGF-IR cells. The dierence is stronger in H19-7/IGF-IR/IRS-1 clone 1 (a), but is evident also in clone 9 (b), considering that there is more total Akt protein at 30 and 120 min in H19-7/IGF-IR cells (see below). In Figure 3a , b, the lower rows show the total Akt protein levels. A densitometric analysis of Akt activation is shown in c and d, where the levels of phospho-Akt have been normalized to the Akt protein amounts. The over-expression of IRS-1 clearly increases Akt activation in both clones, the increase being both in time and amount (c, d). In H19-7 and H19-7/IGF-IR cells dierentiation induced by bFGF or IGF-I at 398C is always associated with apoptosis (Eves et al., 1996; Morrione et al., 2000) , and it has been shown that Akt can increase cell survival in dierentiating H19-7 cells (Eves et al., 1998) . We tested therefore if superactivation of Akt in H19-7/ IGF-IR/IRS-1 cells could promote some protection from dierentiation-induced apoptosis. H19-7/IGF-IR cells and H19-7/IGF-IR/IRS-1 clones 1 and 9 were counted 24 h after shifting the cells to 398C in N2 SFM+ IGF-1. We could detect an increase in survival up to 50% in H19-7/IGF-IR/IRS-1 clones, compared to dierentiating H19-7/IGF-IR cells (data not shown).
The PI3K inhibitor LY294002 restores differentiation of H19-7/IGF-IR/IRS-1 cells
Since Akt is superactivated in H19-7/IGF-IR/IRS-1 cells, we speculated that Akt activation in H19-7/IGF-IR/IRS-1 cells could cause inhibition of the dierentiation signal. To con®rm this hypothesis, we incubated at 398C, in N2 SFM supplemented with IGF-I, H19-7/ IGF-IR/IRS-1 cells with the Class I PI3K inhibitor LY294002. We used LY294002 at a concentration of 30 mM, a concentration of inhibitor that has been shown to completely inhibit Akt activation in H19-7/ IGF-IR cells . The PI3K inhibitor LY294002 restores the dierentiation program of H19-7/IGF-IR/IRS-1 cells, which are again severely impaired in dierentiation without the inhibitor (Figure 4a) . In Figure 4b , we con®rm that this concentration of LY294002 inhibits Akt activation in H19-7/IGF-IR/IRS-1 cells.
MAPK signaling is impaired in H19-7/IGF-IR/IRS-1 cells
It has been recently reported that Akt binds and phosphorylates Raf, inhibiting the activation of the Raf-MEK-ERK signaling pathway (Rommel et al., 1999; Zimmerman and Moelling, 1999; Guan et al., 2000) . We have also shown in H19-7/IGF-IR cells that dierentiation induced by IGF-I at 398C correlates with the ability of the IGF-IR to promote a sustained activation of MAPK . We can speculate therefore that excessive activation of Akt could inhibit dierentiation in H19-7/IGF-IR IRS-1 cells by down-regulating MAPK signaling. We therefore determined the levels of ERK1/2 activation at 398C in H19-7/IGF-IR/IRS-1 cells and H19-7/IGF-IR cells at various times (up to 2 h) after IGF-I stimulation. In H19-7/IGF-IR cells at 398C, IGF-I promotes a strong activation of Erk1/2, activation that is sustained for at least 2 h (Figure 5a , b) H19-7/IGF-IR/IRS-1 clones 1 (a) and 9 (b) show instead an activation that is not sustained. There is a substantial decrease after 30 min, and at 2 h ERK1/2 activation is almost at basal levels (Figure 5a, b) . These experiments have been repeated at least three times with similar results. We also measured the enzymatic activity of ERK1/2 using a MAP kinase assay on H19-7/IGF-IR and H19-7/IGF-IR/IRS-1 cells (see Materials and methods). Figure 5c , shows that after 2 h of IGF-I stimulation. H19-7/IGF-IR/IRS-1 cells have a level of MAP kinase activity that is almost at the level of unstimulated cells, while there is a clear and strong increase in kinase activity in H19-7/IGF-IR cells. Figure 5d shows the level of activation determined by anti phospho-MAPK antibodies, con®rming that the two methods give identical results. This experiment was also repeated three times with the same result.
Activation of p90 RSK
The impairment of MAPK signaling in H19-7/IGF-IR/IRS-1 clones was con®rmed by testing the level of activation of one of the direct down stream molecular targets of ERK1/2, p90RSK (Nguyen et al., 1993; Poteet-Smith et al., 1999; Richards et al., 1999) . In Figure 6a , b (upper rows), we show that p90RSK activation by IGF-I at 398C is reduced in H19-7/IGF-IR/IRS-1 clones l (a) and 9 (b), and returns to basal levels at 2 h. H19-7/IGF-IR cells were used again as a control. Figure 6 , lower rows in a and b show the levels of endogenous RSK proteins. A densitometric analysis of p90RSK activation is given in c and d. When the total amount of RSK protein in each lane is taken into account, the dierence in RSK activation between parental H19-7/IGF-IR cells and the cells over-expressing IRS-1 is even more convincing. These experiments were also repeated three times.
An active Akt inhibits the sustained activation of MAP kinases in H19-7/IGF-IR cells The role of Akt in the inhibition of the dierentiation signal is supported by the use of the PI3K inhibitor LY294002, which restores IGF-I-induced dierentiation in H19-7/IGF-IR/IRS-1 cells; (6) MAPK signaling is impaired in H19-7/IGF-IR/IRS-1 cells, which show a reduction in ERK1/2 and p90RSK activation; (7) MAPK down-regulation is probably mediated by Akt (Rommel et al., 1999; Zimmerman and Moelling, 1999; Guan et al., 2000) , which is super-activated in H19-7/ IGF-IR/IRS-1 cells and (8) this was con®rmed by transiently expressing in H19-7/IGF-IR cells a constitutively active Akt, which severely reduced MAPK activation of these cells. The role of the IGF-IR in neuronal dierentiation has been known for several years (LeRoith et al., 1993a,b; Leventhal et al., 1999; Anlar et al., 1999) . We showed recently that two signals from the IGF-IR are necessary for the dierentiation of rat hippocampal cells . One signal originates from tyrosine 950, and a second one from the serine quartet at 1280 ± 1283. These two signals converge to promote a sustained activation of MAPK, and activate the dierentiation program induced by the IGF-IR . Among the major substrates of the IGF-IR are IRS-1 (Yenush et al., 1998) and Shc (Pronk et al., 1993) , and the balance between a mitogenic or dierentiating signal is often determined by the availability of these two substrates. In 32D IGF-IR cells, which do not express IRS-1 and IRS-2 proteins (Wang et al., 1993; Yenush et al., 1998; Valentinis et al., 1999) , the dierentiation signal induced by IGF-I is dependent on the activation of Shc proteins. Ectopic expression of IRS-1 in 32D IGF-IR cells inhibits the dierentiation program , and causes the cells to become malignant .
H19-7/IGF-IR cells express very low level of the IRS-1 protein, when compared to ®broblast cell lines, like 3T3 cells. Our results show that, in dierentiating H19-7/IGF-IR cells, IGF-I promotes (with the induction of dierentiation) a down-regulation of the endogenous IRS-1. The down-regulation of IRS-1 was accompanied by its serine phosphorylation. Similar results were previously reported in myogenic dierentiation, where serine phosphorylation of IRS-1 was associated with its down-regulation and inhibition of dierentiation (Sarbassov and Peterson 1998). There was no down-regulation of IRS-1 in parental H19-7/ IGF-IR cells when these cells were stimulated with IGF-I at the permissive temperature of 348C. If endogenous IRS-1 is down-regulated in dierentiating H19-7/IGF-IR cells, it is legitimate to ask whether over-expression of IRS-1 could inhibit dierentiation in parental H19-7/IGF-IR cells. Over-expression of IRS-1 inhibits IGF-I-induced dierentiation of H19-7/IGF-IR cells. The inhibition is dependent on a fully functional IRS-1, as a mutant IRS-1, with a deletion of the PTB domain, fails to inhibit IGF-I-mediated dierentiation. In H19-7/IGF-IR/IRS-1 cells, the levels of IRS-1 remain elevated after IGF-I stimulation (data not shown). Perhaps, there may be a decrease that is obfuscated by the high levels of IRS-1, but the important point is that IRS-1 levels remain high and therefore dierentiation is inhibited. All these results con®rm a profound negative eect of IRS-1 on the dierentiation program in dierent cellular models. Akt is strongly activated by PI3K, which, in turn, is activated by IRS-1 (Kennedy et al., 1997; Myers et al., 1993 Myers et al., , 1994 Dudek et al., 1997) . Accordingly, H19-7/ IGF-IR/IRS-1 clones show a stronger and more prolonged activation of Akt than H19-7/IGF-IR cells. The negative role of Akt on dierentiation was con®rmed by using an inhibitor of class I PI3K, that partially restored the dierentiation program in H19-7/ IGF-IR/IRS-1 cells. In this model, therefore, PI3K activity is not required for dierentiation, as inhibitors of PI3K did not inhibit the dierentiation of parental H19-7/IGF-IR cells . On the contrary, inhibition of PI3K activity by LY294002 restores the dierentiation program in H19-7/IGF-IR/ IRS-1 cells (this study). It has been recently reported in dierent cellular systems that Akt can bind and phosphorylate Raf kinase, inhibiting the activation of the Raf-MEK-ERK signaling pathway ( (Rommel et al., 1999; Zimmerman and Moelling, 1999, Guan et al., 2000) . It is reasonable to hypothesize that Akt superactivation by excess IRS-1 could be responsible for down-regulating, through Raf, the ERK 1/2 signaling. H19-7/IGF-IR/IRS-1 clones show impairment in MAPK signaling activation of ERK 1/2 by IGF-I is not sustained and there is also a decrease in the activation of p90RSK, one of the downstream targets of ERK 1/2 (Nguyen et al., 1993; Poteet-Smith et al., 1999; Richards et al., 1999) . Our results with an activated Akt transiently expressed in H19-7/IGF-IR cells directly con®rm the negative role of Akt on MAPK activation. The impairment of MAPK signaling in H19-7/IGF-IR/IRS-1 cell also con®rms our previous report , that a sustained activation of MAPK was required for the IGF-I-mediated dierentiation of H19-7/IGF-IR cells. Sustained activation of MAPK has been previously shown to promote either FGF or NGF-induced dierentiation of PC12 cells (Hadari et al., 1998; York et al., 1998) . and it is also necessary for IGF-I-induced dierentiation of SH-SY5Y neuroblastoma cells (Kim et al., 1997 (Kim et al., , 1998b . In SH-SY5Y neuroblastoma cells the signaling induced by IGF-I and leading to MAPKs activation is complex. One report showed a role of the Shc-Grb2 complex in mediating MAPK activation (Kim et al., 1998b) , while in another report PI3K seemed to be necessary for MAPK activation and dierentiation (Kim et al., 1998a) . IGF-IR signaling for dierentiation may be slightly dierent in our model.
The two domains of the IGF-IR necessary for the dierentiation signal in H19-7/IGF-IR cells are the tyr 950 and the serines 1280 ± 1283. Tyr 950 is a binding site for both IRS-1 and Shc proteins Craparo et al., 1995; Tartare-Deckert et al., 1995) , while serine 1283 is the binding site for 14.3.3 proteins (Craparo et al., 1997; Furlanetto et al., 1997) . The two domains send signals that are simultaneously required for the activation of MAPKs. In 32D cells, the combined mutations at Y950 and serine 1280 ± 1283 completely abrogate MAPK activation . In H19-7/IGF-IR cells, mutations at both sites result in a modest activation of MAPKs that lasts only 10 min . Over-expression of IRS-1 in the latter cell line results in inhibition of cell dierentiation and a decreased activation of MAPKs as in the double mutant IGF-IR.
In trying to explain the mechanism by which IRS-1 inhibits dierentiation, certain considerations are crucial. Of the two signals mentioned above, one should be ras-dependent (possibly through Shc signaling), while the other one is ras-independent, perhaps by the activation of Raf kinases through their interaction with the 14.3.3 proteins (Tzivion et al., 1998; Roy et al., 1998; Thorson et al., 1998; Peruzzi et al., 1999) .
While the role of Shc proteins in dierentiation induced by IGF-I has been established in 32D hemopoietic cells and in SH-5YSY neuroblastoma cells (Kim et al., 1998b) , in H19-7/IGF-IR the role of Shc proteins is ambiguous. They may play a role, since Tyr 950 of the IGF-IR is the binding site for Shc proteins , but only in combination with other signals. In fact using either a dominant negative mutant of Shc or over-expressing Shc, we could not establish a direct link between Shc activation and IGF-I-mediated dierentiation of H19-7/IGF-IR cells (data not shown). Another additional mechanism by which IRS-1 inhibits dierentiation could be its ability to compete with Shc proteins (or other proteins binding tyr 950) for either the binding site on the IGF-IR, or the availability of common downstream signaling molecules (Yamauchi and Pessin, 1994; Valentinis et al., 1999) .
In trying to reconcile some of the contradictory data in the literature (see Introduction), we would like to propose a model for the role of IRS-1 in dierentiation, which is compatible with the data. There are several reports that, under certain circumstances, IRS-1 is serine phosphorylated (for references, see D' Ambrosio et al., 1997) . In general, serine phosphorylation of IRS-1 reduces its tyrosyl phosphorylation (Mothe and van Obberghen, 1996; Cengel and Freund, 1999) and signaling (Feinstein et al., 1993; Staubs et al., 1998) . In our proposed model, when IRS-1 is absent, a signal originating from Y950 and serines 1280 ± 1283 activates the MAPK proteins and induces dierentiation . When IRS-1 levels are low, they have to be further decreased, and IRS-1 is serine phosphorylated and its levels are decreased (Sarbassov and Peterson, 1998 , and this study). When IRS-1 expression is high, PI3K super-activates the Akt/ p70 S6K pathway leading to partial inhibition of the MAPK pathway and the extinction of the dierentiation program . Corollaries of this hypothesis are that: (1) a constitutively active Akt should inhibit MAPK activation of H19-7/IGF-IR cells and (2) LY294002, which inhibits Akt activation, should restore dierentiation of H19-7/IGF-IR cells over-expressing IRS-1, while having no eect on IGF-I induced dierentiation in parental H19-7/IGF-IR cells with low levels of IRS-1 . Both of these corollaries have been con®rmed in this paper.
In conclusion, in the present communication we show that IRS-1 plays a crucial role in the modulation of IGF-I-mediated dierentiation. Dierentiation induced by IGF-I in parental H19-7/IGF-IR cells is associated with serine phosphorylation and downregulation of the endogenous IRS-1. The negative role of IRS-1 in dierentiation is also con®rmed by the ®nding that over-expression of IRS-1 in H19-7/IGF-IR rat hippocampal cells inhibits IGF-I-mediated dierentiation. H19-7/IGF-IR/IRS-1 clones show a reduced MAPK signaling due to a stronger and prolonged activation of Akt. It has been recently shown that IGF-I-mediated degradation of IRS-1 is mediated by the 26S proteasome pathway, and is associated with its serine phosphorylation (Lee et al., 2000; Haruta et al., 2000; Zhang et al., 2000) . Future experiments will be directed to the investigation of a possible role of the proteasome in IGF-I-induced degradation of IRS-1 in dierentiating H19-7/IGF-IR cells.
Materials and methods

Cell lines
H19-7 are rat hippocampal neuronal cells immortalized by transducing a retroviral vector expressing a temperaturesensitive SV40 large T antigen (Eves et al., 1992) . H19-7/IGF-IR cells are maintained in DMEM supplemented with 10% fetal bovine serum, 200 mg/ml of G418 (selection for the T antigen plasmid) and 1 mg/ml of puromycin (selection for the IGF-IR), in¯asks coated with 15 mg/ml of poly-L-lysine (Sigma).
Plasmids pCEP/IRS-1 expression vector was generated by cloning the full-length mouse IRS-1 cDNA (Araki et al., 1994) into the HindIII site of the pCEP4 expression vector (In vitrogen, Carlsbad). PCEP4 vector has a CMV promoter and carries the hygromycin resistance gene. Plasmid IRS-1dPTB contains a mouse IRS-1 lacking the PTB region. The deletion of PTB was carried out by PCR, following a mutagenesis strategy described elsewhere . Brie¯y, two sets of primers were designed. One set was wild type, the other was mutagenic. The wild-type set had a sense primer which anneals to a sequence of mouse IRS-1 upstream of SacII restriction site at position 763 ± 769. and an antisense primer which anneals downstream of another SacII restriction site at positions 1992 ± 1998. The sequence of the wild-type sense primer was 5'-TTATGAGAACGAGAAGAAGTGGCG-3' (positions 610 ± 634), whereas the sequence of the wild-type antisense primer was 5'-ATAGAAGCCACTGAAGACTGT-GAG-3' (positions 2100 ± 2076). The set of mutagenic primers was designed to remove the PTB region, maintaining the reading frame of the resulting deleted mouse IRS-1 gene. The sequence of the sense mutagenic primer was 5'-AGCTAT-GACACGGGTCCAGGACCCGCGAGTATGGTGGGTG-GGAAACCAGGC-3'. The underlined sequence is in the overhang of the sense mutagenic primer and is complementary to the 3' region of the antisense mutagenic primer. The positions of the underlined sequence of the sense mutagenic primer were 907 ± 935. This sequence is upstream of the beginning of the PTB region. The rest of the sense mutagenic primer which has not been underlined is downstream of the end of PTB region (positions 1400 ± 1424). The sequence of the antisense mutagenic primer was 5'-GCCTGGTTT-CCCACCCACCATACTCGCGGGTCCTGGACCCGTGT-CATAGCT-3'. The underlined sequence is in the overhang of the antisense mutagenic primer and is complementary to the 3' region of the sense mutagenic primer. The positions of the underlined sequence of the antisense mutagenic primer were 1424 ± 1400. This sequence is downstream of the end of the PTB region. The rest of the antisense mutagenic primer which has not been underlined is upstream of the PTB region (positions 935 ± 907). Two PCR reactions were set up. The template in both cases was wild type mouse IRS-1. One PCR reaction contained the sense wild type primer and the antisense mutagenic primer, whereas the other PCR reaction contained the sense mutagenic primer and the antisense wild type primer. The PCR conditions were the same as above PCR products were gel puri®ed as already described. A second round of PCR was then set up, by mixing 10 ml of each PCR product as templates, the two wild type primers and the two mutagenic primers. The PCR conditions were the same as above. The ®nal PCR product was puri®ed, digested with SacII and ligated into SacII deleted mouse IRS-1, which was contained into a bluescript cloning vector. The resulting deleted PTB mouse IRS-1 gene was then excised by HindIII digestion and inserted into HindIII restriction site of plasmid pCEP4.
Transfection and selection of H19-7/IGF-IR/IRS-1 cells H19-7/IGF-IR cells were transfected with the pCEP/IRS-1 plasmids using the calcium phosphate ProFection kit (Promega), following the manufacturer's instructions. H19-7/IGF-IR/IRS-1 clones were selected in medium containing 600 mg/ml of hygromycin.
Immunoblots
The level of expression of IRS-1 proteins was determined by Western blot as previously described (Morrione et al., 1996; 1997a,b) using a polyclonal antibody against the C-terminus (UBI) of IRS-1. The same antibody was also used for immunoprecipitation. Antibodies for serine 616 of IRS-1 were from Biosource International Monoclonal antibodies for Grb2 and anti phosphotyrosine antibodies were purchased from Transduction Laboratories.
Analysis of differentiation
For dierentiation experiments various H19-7/IGF-IR/IRS-1 cell lines were plated at a density of 10 5 cells/35 mm plate in medium containing serum at the permissive temperature. After 18 h the cells were extensively washed and shifted to the non permissive temperature in N2 SFM (DMEM-high glucose supplemented with 0.11 mg/ml sodium pyruvate, 2 mM glutamine, 0.1 mg/ml transferrin, 20 nM progesterone, 0.1 mM putrescine and 30 nM sodium selenite), supplemented or not with IGF-I (Gibco) 50 ng/ml. After 48 h the cells were analysed, scored for neurites formation (processes longer than the cell body were considered as neurites) with a Zeiss microscope at a 10006magni®cation . Four hundred cells were counted for each experiment.
Analysis of activated proteins
Phosphorylated Erk 1 and 2 (Thr 202/Tyr 204), phosphorylated Akt (Ser 473), and phosphorylated p90RSK (Ser 381) were all detected using PhosphoPlus kits or antibodies from New England Biolabs, following the manufacturer's instructions. The level of endogenous Erk 1/2 was detected using polyclonal antibodies from Santa Cruz, while Akt was detected with antibodies also included in the PhosphoPlus kits. Total p90RSK protein was detected using monoclonal antibodies from Transduction Laboratories.
Kinase inhibitors
The PI3K kinase inhibitor LY294002 (Biomol Res Lab) was dissolved in DMSO. For dierentiation experiments LY294002 was added to the cells at the time of stimulation at a concentration of 30 mM.
MAP kinase enzymatic activity
MAP kinase activity was determined using the p44/42 MAP Kinase Assay Kit from Cell signaling. Brie¯y cell lysates were immunoprecipitated with an immobilized phospho-p44/42 kinase (Thr202/Tyr204) monoclonal antibody over-night at 48C. The immunoprecipitate was then incubated with 2 mg of Elk-1 puri®ed protein in the presence of ATP and kinase buer for 30 min at 308C. Samples were then run on SDS ± PAGE, blotted and stained with an anti phospho-Elk-1 (ser383) antibody. As a control, 15 mg of the same samples were run on gel, blotted and stained with either phospho-MAP kinase or total MAP kinase antibodies described above.
Transient transfection of activated Akt
The activated Akt with the Src myristoylation signal and the HA tag (Myr-Akt-HA, a kind gift from Phil Tsichlis, Kimmel Cancer Center) has been described in detail elsewhere (Kennedy et al., 1997; Ahmed et al., 1997; Aoki et al., 1998) . Myr-Akr-HA was transiently transfected into H19-7/ IGF-IR cells using the FUGENE-6 reagent (Roche Biochemicals). Brie¯y 8610 5 cells were plated onto 60 mm dishes and transfected overnight with 2 mg of Myr-Akt-HA. Mock and Myr-Akt-HA transfected cells were starved in N2 SFM at 398C for 24 h and then stimulated with 50 ng/ml of IGF-1 for 2 h, and processed for Western blot. The expression of activated Akt was determined using anti HA monoclonal antibodies (Babco), while the activation of MAP kinases was determined using anti phospho-MAP kinases antibodies as described above.
